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1 
SYSTEMS AND METHODS FOR 
RELIABILITY AND PERFORMABILITY 
ASSESSMENT 
CROSS REFERENCE TO RELATED 
APPLICATIONS 
2 
produced by Clockwork Solutions, Inc. of Austin, Tex. The 
Clockwork Solutions approach uses RBD modeling supple-
mented with a proprietary macro language that can be diffi-
cult to understand and use. Because the macro language tends 
to have a steep learning curve, many clients request Clock-
work Solutions create customized models ratherthan custom-
izing the models themselves. This can result in labor intensive 
models that may be high in direct and indirect costs. Further-
more, the extensive reliance on non-graphical modeling 
This application claims priority to and benefit ofU.S. Pro-
visional Patent Application entitled "System Reliability 
Assessment Using Extended Petri-net Formalism With Aging 
Tokens" assigned Ser. No. 60/534,874, and filed on Jan. 8, 
2004, which is incorporated by reference in its entirety. 
TECHNICAL FIELD 
10 
means results in hiding important model features from the 
user (such as dependencies among components' failures), 
which may adversely affect verification procedures and the 
compatibility with other reliability analyses. Despite all these 
drawbacks, the software is widely used because of the lack of 
viable alternatives for modeling the reliability of a large com-
The invention relates generally to systems and methods for 
reliability and performability assessment, and more particu-
larly, to systems and methods for reliability and performabil-
ity assessment using an extended Petri net formalism with 
aging tokens. 
15 plex system. 
Petri Net Extension Formalism 
BACKGROUND 
A number of methods have been used to model the reli-
ability of a complex system. Some of the more relevant meth-
ods can be divided into four categories: Boolean logic meth- 25 
ods, a problem-specific model written with a general purpose 
package (e.g. MATLAB), a hybrid of a Boolean logic meth-
ods and a problem specific model, and Petri nets. 
One other potential solution for modeling system reliabil-
ity is the use of a Petri net extension. However, most of the 
available tools for Petri nets are limited to modeling stochas-
20 tic processes governed by firing policies with an exponential 
distribution where memory issues are not addressed. The 
research related to handling aging systems is much more 
recent and limited in scope. 
Boolean Logic Methods 
There are two main frameworks that are based on Boolean 30 
logic: Reliability Block Diagrams (RBDs) and Fault Tree 
Analysis (FTA). Together they dominate safety and reliability 
modeling with the former being more often applied to system 
reliability, while the latter are more prevalent in the context of 
safety and Probabilistic RiskAssessment (PRA). RBDs com-
prise connected-together blocks representing components of 35 
a system. The source (input) is usually located at the left of the 
diagram, and the sink (output) at the right. When a part fails in 
accordance with a given distribution, the "flow" through the 
corresponding block stops. If there is an uninterrupted path 
from the source to the sink, the system is up. Otherwise, the 40 
system is down. This representation naturally allows for mod-
eling redundancy. In its standard form, FTA relies on two 
logical "gates" ("AND" and "OR") to combine "basic events" 
(i.e., leaves of the tree) into the "top-level event" (root of the 
tree). This allows evaluating the probability of a top-level 45 
event based on given probabilities for basic events. 
There are several commercially available tools that are 
easy to use which provide an intuitive way to build an RBD or 
conduct FTA such as the "Relex Reliability Block Diagram" 
and "Relex Fault Tree/Event Tree" software packages pro- 50 
duced by Relex Software, Inc. of Greensburg, Pa., and 
"AvSim+" software produced by Isograph, Inc. of Newport 
Beach, Calif. However, none of these tools provide the flex-
ibility to model all the important features of systems (e.g. 
cascading failure effects and the use of new parts) since the 
modeling of these features is intimately related to the 55 
dynamic interactions between the components. 
Problem Specific Models 
A problem-specific model may be written in a general 
purpose package such as MATLAB. Such models are very 
flexible but are expensive to develop, and the complexity 60 
becomes prohibitive for large-scale applications since the 
transparency and simplicity of RBD modeling is lost. Addi-
tionally, the reusability of such models is very limited. 
Hybrid Boolean Logic and Problem Specific Models 
One potential solution to modeling complex reliability sys- 65 
terns is using a hybrid of the first two methods. For example, 
one hybrid solution is implemented in the "Spar" software 
Petri nets have been used for over forty years to model 
processes. Although extensions to the basic Petri net have 
been developed, and are briefly described below, the essential 
components and behavior are essentially the same. A Petri net 
is a directed graph with two disjoint types of nodes: places 
(denoted as circles) and transitions (denoted as rectangles). A 
directed arc (an arc denoted as a line with an arrow), can 
connect a place to a transition or a transition to a place. A 
directed arc that connects a place to a transition is called an 
input arc, and a directed arc that connects a transition to a 
place is called an output arc. The places connected to a given 
transition by input or output arcs are called the input or output 
places, respectively, for this transition. 
An arc from a place to a transition indicates that the tran-
sition requires one token in that place as one of the conditions 
for it to be enabled. However, in some extensions of the Petri 
net, arc multiplicities (integer numbers) can be specified as 
well. That is, the multiplicity of the arc denotes the number of 
tokens from that place that the transition requires to be 
enabled. These arcs are denoted with a "/" and an integer 
number representing the respective multiplicity. 
Each place may be assigned a non-negative number of 
tokens (denoted as small, solid circles within a place). Thus, 
each place is capable of hosting zero or more assigned tokens. 
A combined assignment for all the places in the model is 
referred to as a marking of the system that fully characterizes 
the system. Changes in the system state are modeled by the 
tokens' movements that are realized from the transitions' 
"firing." The firing of a transition simultaneously accom-
plishes two actions: (1) it removes at least one token from its 
input places and (2) deposits at least one token to its output 
places. The quantities of removed and deposited tokens are 
equal to the multiplicities of the corresponding input and 
output arcs, respectively. 
Generally speaking, the number of removed and deposited 
tokens does not have to coincide, and these two parts of firing 
can be considered as independent events corresponding to the 
"death" and "birth" of the tokens, respectively. However, a 
combination of a token's removal from an input place and a 
token's deposit into an output place for the same transition 
may also considered as a single action of moving the token 
from the input place to the output place. If all the tokens are 
indistinguishable, then both interpretations are equivalent. 
US 7,627,459 B2 
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For labeled tokens, the difference may be significant, since it 
allows the preservation of information stored in the label as 
the token moves from one place to another. 
The firing of a transition can only occur when the transition 
is enabled. The first condition for a transition to be enabled is 
the requirement that each of the transition's input places have 
4 
of system reliability, but do not mention the use of Petri nets. 
At the same time, several patents are apparently devoted to 
various applications of Petri nets, but are not related specifi-
cally to systems reliability. For example, U.S. Pat. No. 6, 185, 
469 entitled "Method and Apparatus for Testing and Control-
ling a Flexible Manufacturing System," U.S. Pat. No. 6,363, 
494 entitled "System and Method for Characterizing and 
Repairing Intelligent Systems," and U.S. Pat. No. 6,067,357 
entitled "Telephony Call-Center Scripting by Petri Net Prin-
at least as many tokens as the multiplicity of the correspond-
ing input arcs. However, some additional conditions on the 
system marking can be imposed as well (e.g., so-called 
"guards"), and the flexibility of these conditions depends on 
the Petri net extension. For example, one type of guard is an 
inhibitor arc (denoted as an arc terminated with a small hol-
low circle). Although an inhibitor arc does not increase the 
Petri net's representation power, inhibitor arcs can make the 
model more compact and understandable. 
10 ciples and Techniques." Furthermore, an application of col-
ored Petri nets is described in U.S. Pat. No. 5,257,363 entitled 
"Computer Aided Generation of Programs Modeling Com-
plex Systems Using Colored Petri Nets," which describes an 
implementation of a colored Petri nets as applied to solving a 
Thus, in the presence ofinhibitor arcs, there is an additional 
condition for a transition to become enabled. Specifically, a 
transition having an inhibitor may be enabled only when all of 
the inhibitor input places for that transition have fewer num-
bers of tokens than the multiplicities of the corresponding 
inhibitor arc(s ). 
15 specific problem. However, each of these works rely on exist-
ing Petri nets, and extensions of Petri nets, to apply their 
respective solutions. 
Thus, what is needed is a Petri net extension which can 
more efficiently apply the Petri net formalism to applications 
Original Petri nets did not maintain a concept of time. 
Rather, an enabled transition would fire instantaneously. 
However, Petri net extensions introduced deterministic time 
delays in which the firing of a transition occurs when a tran-
sition is enabled for a specified amount of time. These exten-
sions led to timed Petri nets, and then were later extended to 
stochastic Petri nets in which the delays may be random 
variables based on given distributions. 
20 in which time accumulation affects a system's behavior, such 
as, but not limited to: probabilistic risk assessment and mod-
eling system reliability, safety, and security, modeling the 
spread of viruses and infectious diseases. For example, in the 
context of epidemiological modeling, a token can represent 
25 an individual, with different places corresponding to various 
states of his or her health as well as any contacts with other 
individuals and/or medication effects. Then aging tokens can 
represent the individual's life expectancy or the time since the 
decease has been contracted. Without the use of aging tokens 
In a standard stochastic Petri nets, when a transition is 
disabled, it "forgets" its previous enabled time. The time is 
reset when the transition is enabled again and the correspond-
ing firing time is resampled. This memory policy is referred to 
30 such information would be lost as soon as the token moves to 
a new place, which would severely limit the use of token's 
as an "enabling memory" or a "preemptive repeat different" 
(prd) policy. In a second type of memory policy, a transition 35 
can "remember" the time that it was enabled. In effect, the 
transition's timer is stopped but not reset. This is called an 
"age memory" or a "preemptive resume" (prs) policy. Finally, 
using a third type of memory policy, a transition is configured 
such that the timer is reset, but no resampling is done and the 40 
same sampled time is used. This third memory policy is called 
a "preemptive repeat identical" (pri) policy. 
Another extension, referred to as a "colored" Petri net 
extension, uses colored tokens to identify the token. The 
firing policy of the transition can be affected by the color of 45 
the token. This concept is quite different from standard Petri 
nets which treat the tokens as fungible objects which are not 
identified. The tokens in a colored Petri net may change with 
a change in marking, such as, upon firing of a transition. Thus, 
movements. 
SUMMARY 
Systems and methods of modeling of complex dynamic 
systems are disclosed. One embodiment of a method for 
modeling a system, among others, comprises graphically rep-
resenting at least one state of the system with at least one 
directed graph. The directed graph includes an aging token, a 
first place and a second place capable of hosting the aging 
token, a transition for moving the aging token from the first 
place to the second place, and at least one directed arc for 
connecting either of the first place and the second place to the 
transition. The method may further include assigning at least 
one value to the aging token, the value capable of being 
updated while the aging token resides in either of the first or 
second place. 
Another embodiment, directed to a modeling system, 
includes a construction module for building a graphical rep-
resentation of at least one state of the system with at least one 
directed graph. The directed graph may comprise a first place 
and a second place; an aging token having at least one value 
capable of being updated while the aging token resides in 
a token in a colored Petri net does not carry any information 50 
about the duration the token stays at a particular place. Addi-
tionally, since the labels (colors) that can affect firing policies 
can only change in a discrete fashion when a token is moved 
from one location to another, the properties of the token stay 
the same so long as the token remains in the same place. 
Accordingly, prior art Petri net modeling systems use 
memory-enabled transitions, which can be an efficient way to 
model certain types of systems. However, because prior art 
standard Petri nets (including any extensions thereof), do not 
have a simple way to track the age, or other relevant property, 60 
of a part (which degrades) in a complex system, prior art Petri 
nets are not efficient for modeling the reliability and perform-
ability of a system. 
55 either of the first or second place; a transition for moving the 
aging token from the first place to the second place; and at 
least one directed arc for connecting either of the first place 
and the second place to the transition. 
U.S. patent application Ser. No. 10/043,712 (now U.S. Pat. 
No. 7,006,947) entitled "Method and Apparatus for Predict- 65 
ing Failure in a System," and U.S. Pat. No. 6,321,187 entitled 
"System Reliability Assessment Tool" cover various aspects 
Another embodiment comprises a first code segment for 
graphically representing at least one state of the system with 
at least one directed graph. The at least one directed graph 
comprises an aging token, a first place and a second place 
capable ofhosting the aging token, a transition for moving the 
aging token from the first place to the second place, and at 
least one directed arc for connecting either of the first place 
and the second place to the transition. The embodiment may 
further comprise a second code segment for assigning at least 
US 7,627,459 B2 
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one value to the aging token, the value capable of being 
updated while the token resides in either of the first or the 
second place. 
Other systems, methods, features and/or advantages will 
be, or may become, apparent to one with skill in the art upon 
examination of the following drawings and detailed descrip-
tion. It is intended that all such additional systems, methods, 
features and/or advantages be included within this descrip-
tion and be protected by the accompanying claims. 
6 
DETAILED DESCRIPTION 
Systems and methods of modeling of complex dynamic 
systems with properties that are non-uniform in the time 
domain are disclosed. Such systems track the age of a system 
as a whole as well as its individual constituents. 
Specifically, a Petri net extension is disclosed that effi-
ciently applies the Petri net formalism to applications in 
which time accumulation affects a system's behavior (e.g. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The components in the drawings are not necessarily to 
scale relative to each other. Like reference numerals designate 
corresponding parts throughout the several views. 
10 modeling systems reliability, tracking the spread of an infec-
tious disease, etc.). The extension introduces the concept of 
aging tokens, or tokens with memory, in the context of sto-
chastic Petri nets, to more efficiently address modeling appli-
cations in which time accumulation affects a system's behav-
15 !Of. 
FIG. 1 depicts a block diagram of an embodiment of an 
exemplary modeling system which may be used to implement 
a stochastic Petri net using aging tokens. 
FIG. 2 depicts a block diagram of an embodiment of an 
exemplary Petri net using an aging token which may be 20 
constructed and used to simulate and assess the reliability and 
performability of a complex system using the modeling sys-
tem of FIG. 1. 
FIG. 3A depicts a block diagram of a stochastic Petri net 
representation using a series mode transition, which may be 
constructed and used to simulate and assess the reliability and 
performability of a complex system using the modeling sys-
tem of FIG. 1. 
FIG. 3B depicts a block diagram of a stochastic Petri net 
representation using a multiple mode transition, which may 
be constructed and used to simulate and assess the reliability 
and performability of a complex system using the modeling 
system of FIG. 1. 
25 
30 
The resulting extended framework provides for uniquely 
flexible and transparent graphical modeling with excellent 
representational power that is particularly suited for, but not 
limited to, dependability and performability modeling of 
complex systems (e.g. including, but not limited to, large-
scale non-deterministic repairable, redundant, and reconfig-
uring systems). 
FIG. 1 depicts a block diagram illustrating an exemplary 
embodiment of a modeling system 10. The modeling system 
10 may comprise a computer system 12 which may be pro-
grammed, or otherwise configured, to implement the 
described stochastic Petri net extension using aging tokens. 
Generally speaking, the computer system 12 can comprise 
any one ofa wide variety of wired and/or wireless computing 
devices, such as a desktop computer, portable computer, dedi-
cated server computer, multiprocessor computing device, cel-
lular telephone, personal digital assistant (PDA), handheld or 
pen based computer, embedded appliance and so forth. Irre-
FIG. 4A depicts a block diagram of a stochastic Petri net 
representation using series transition, which may be con-
structed and used to simulate and assess the reliability and 
performability of a complex system using the modeling sys-
tem of FIG. 1. 
35 spective ofits specific arrangement, computer system 12 can, 
for instance, comprise a bus 14 which may connect a display 
16, memory 18, mass storage device 20, network interface 22, 
processing device 24, and an input/output interface 26. 
Processing device 24 can include any custom made or 
FIG. 4B depicts a block diagram of a stochastic Petri net, 
equivalent to the representation of FIG. 4A, using multiple 
mode transitions instead of series mode transitions. 
FIG. 5 depicts a block diagram of a repairable system with 
warm spares modeled by a stochastic Petri net with aging 
tokens, which may be constructed and used to simulate and 
assess the reliability and performability of a complex system 
using the modeling system of FIG. 1. 
40 commercially available processor, a central processing unit (CPU) or an auxiliary processor among several processors 
associated with the computer system 12, a semiconductor 
based microprocessor (in the form of a microchip), a macro-
processor, one or more application specific integrated circuits 
45 (AS I Cs), a plurality of suitably configured digital logic gates, 
and other well known electrical configurations comprising 
discrete elements both individually and in various combina-
tions to coordinate the overall operation of the computing FIG. 6 depicts a block diagram of a load sharing subsystem 
with warm spares modeled by a stochastic Petri net with aging 
tokens, which may be constructed and used to simulate and 50 
assess the reliability and performability of a complex system 
using the modeling system of FIG. 1. 
FIG. 7 depicts a block diagram of an aging part undergoing 
a two-phase periodic mission modeled by a stochastic Petri 
net with aging tokens, which may be constructed and used to 55 
simulate and assess the reliability and performability of a 
complex system using the modeling system of FIG. 1. 
FIG. 8 depicts a block diagram of a system implementing 
pooled repair modeled by a stochastic Petri net with aging 
tokens, which may be constructed and used to simulate and 60 
assess the reliability and performability of a complex system 
using the modeling system of FIG. 1. 
FIG. 9 depicts a block diagram of a multimission system 
with four phases modeled by a stochastic Petri net with aging 
tokens, which may be constructed and used to simulate and 65 
assess the reliability and performability of a complex system 
using the modeling system of FIG. 1. 
system. 
The memory 18 can include any one of a combination of 
volatile memory elements (e.g., random-access memory 
(RAM, such as DRAM, and SRAM, etc.)) and nonvolatile 
memory elements (e.g., ROM, hard drive, tape, CDROM, 
etc.). The memory 18 typically comprises a native operating 
system 28, one or more native applications, emulation sys-
tems, or emulated applications for any of a variety of operat-
ing systems and/or emulated hardware platforms, emulated 
operating systems, etc. 
For example, the applications may include application spe-
cific software 30, which may include a number of executable 
modules therein. For example, some embodiments may 
include a construction module 32 for constructing a stochas-
tic Petri nets having aging tokens. Construction module 32, 
for example, may implement graphical tools for linking 
places, transitions, and tokens such that the resulting modeled 
system can be simulated. The resulting modeled system may 
be constructed and displayed within a graphical user interface 
US 7,627,459 B2 
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on display 16. Likewise, the application specific software 30 
may include at least one simulation module 34 for simulating 
the modeled system. 
Memory 18 may further include a number of other execut-
able modules which, for example, could be sub-modules of 
construction module 32 and simulation module 34. One of 
ordinary skill in the art will appreciate that memory 18 can, 
and typically will, comprise other components which have 
been omitted for purposes of brevity. 
Input/output interfaces 26 provide any number of inter-
faces for the input and output of data. For example, where the 
computer system 12 comprises a personal computer, these 
components may interface with a user input device (not 
shown), which may be a keyboard or a mouse. Where the 
computer system 12 comprises a handheld device (e.g., PDA, 
mobile telephone), these components may interface with 
function keys or buttons, a touch sensitive screen, a stylist, 
etc. Display 16 can comprise a computer monitor or a plasma 
screen for a PC or a liquid crystal display (LCD) on a hand 
held device, for example. 
With further reference to FIG. 1, network interface device 
22 comprises various components used to transmit and/or 
receive data over a network. By way of example, the network 
interface device 22 may include a device that can communi-
cate with both inputs and outputs, for instance, a modulator/ 
demodulator (e.g., a modem), wireless (e.g., radio frequency 
(RF)) transceiver, a telephonic interface, a bridge, a router, 
network card, etc.) 
In the context of this document, a "computer-readable 
medium" can be essentially anything that can store, commu-
nicate, or transport the executable modules for use by, or in 
connection with, the instruction execution system, apparatus, 
or device. The computer readable medium can be, for 
example, but not limited to, an electronic, magnetic, optical, 
electromagnetic, infrared, or semiconductor system, appara-
tus, or device. More specific examples (a nonexhaustive list) 
of the computer-readable medium would include the follow-
ing: a portable computer diskette (magnetic), a random access 
memory (RAM) (electronic), a read-only memory (ROM) 
(electronic), an erasable programmable read-only memory 
(EPROM, EEPROM, or Flash memory) (electronic), and a 
portable compact disc read-only memory (CDROM) (opti-
cal). Note that the computer-readable medium could even be 
paper or another suitable medium upon which the program is 
printed, as the program can be electronically captured, via 
optical scanning of the paper or other medium, then com-
piled, interpreted or otherwise processed in a suitable manner 
if necessary, and then stored in a computer memory. 
Looking now to FIG. 2, an exemplary Petri net 40 which 
may be modeled using computer system 12 using the 
described Petri net extension (e.g. using construction module 
32 and simulation module 34 ) is illustrated. Petri net 40 
includes places 42 and 44, transition 46, input arc 48, and 
output arc 50. In contrast to existing Petri nets, the present 
Petri net extension introduces tokens with memory, which 
may also be referred to as aging tokens. Accordingly, Petri net 
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embodiments described herein may use numeric values, the 
value could also be, but is not limited to, a number, an alpha-
numeric character, a color, or a graphical symbol. 
In some embodiments, a value associated with an aging 
token may be a real number between 0 and 1, indicating the 
fraction of the lifespan of a part that was spent or used. The 
value may indicate the actual time that the token was enabling 
a transition, to facilitate the modeling of accumulated dam-
age, human fatigue, as well as virus incubation, or, on the 
10 contrary, a learning process associated with improved prop-
erties. At the same time, another value may be a traditional 
colored label, which may be an integer that indicates the 
number of repairs for the part. These dynamic features are 
only possible when a token can be "preserved" by a transition 
15 and both parts of firing (removing and depositing) are treated 
as parts of a single action: moving the aging token from an 
input to an output place. 
Accordingly, Petri net 40 may, for example, model the use 
of a toner cartridge in a laser printer. The ID value in chart 54 
20 may identify a particular token which represents a part in a 
system (here, "TONER"). Although the exemplary value, 
"TONER," is alphanumeric, the ID could be a color or any 
other symbol or identifying label. The ID label, for example, 
could be similar to those used in colored Petri nets, and may 
25 be static or only capable of changing its value upon moving 
across a transition. The USES value may, for example, iden-
tify the number of times a part (e.g. the toner cartridge) in the 
system has been used, and the value could be incremented 
during the enabling of transition 48. In some embodiments, 
30 the USES value may decrement from a predetermined value 
representing a fixed lifespan. In the present example, the 
USES value of"5431" may represent a total number of sheets 
of paper printed using the printer cartridge. The LIFETIME 
value may, for example, identify the amount of time a part has 
35 been in use. For example, the counter could increment the 
value (or decrement) in seconds, hours, days, or years. In the 
present example, the LIFETIME value of "1420 min" may 
represent the total time elapsed during printing of the 5431 
sheets of paper. Of course, the above are merely examples, 
40 and any number of tags and values could be stored in table 54. 
Accordingly, unlike standard stochastic Petri nets, which 
assign memory to the transitions, the present extension of 
stochastic Petri nets is capable of assigning memory to a 
token instead. Additionally, unlike existing color Petri nets, 
45 the token labels affecting firing policies are time-dependent 
(i.e., the value of these labels can change in the process of the 
simulation without any change of token's position). 
To this end, an aging token may include at least one asso-
ciated value, and the values may change during the simula-
50 ti on, while the aging token resides within the same place. The 
aging of a token may occur when an aging token enables a 
transition that has a matching firing policy for the token. 
Thus, a particular transition may not have a matching firing 
policy for some tokens. At any given marking, an aging token 
55 can enable, at most, one transition with a matching firing 
policy, per value associated with the token, in order to define 
the "aging" of this value in a unique fashion. However, in 
addition, the token can also enable an arbitrary number of 
40 also includes aging token 52 which may include any num-
ber of associated tags and values. These values may be 
updated during simulation. For example, if the value is a 
number, the value may numerically increment or decrement 60 
according to a counter associated with either the token-or a 
transition enabled by the token. In the present example, these 
values are represented within chart 54, which includes an 
identification value (ID), a uses value (USES), and a lifetime 
count value (LIFETIME). However, it should be understooed 
that the types of values stored with the token may be different 
depending on the type of system being modeled. Although 
transitions that do not affect the age (value) of the token. 
Additionally, the values associated with the aging tokens 
have the ability to affect the firing policies of transitions that 
are enabled by the aging tokens. For example, the transition 
can be configured to fire only ifthe counter reaches a certain 
value, or the transition could actually fire sooner or later, for 
65 example, depending on the values of the tokens. Thus, the 
term "aging policy" determines how the token's label 
changes in time, and the "firing policy" determines whether 
US 7,627,459 B2 
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and when the particular token is fired by a transition given the 
label's value (thus, the firing occurrence can depend on that 
value). 
Accordingly, as shown in the example of FIG. 2, there may 
be a plurality of values associated with a given aging token. 
Additionally, it is possible to combine aging tokens, which 
may include continuously changing labels, with tokens used 
in colored Petri nets, which have discretely changing labels 
that change only upon moving to a new place. In some 
embodiments of the present Petri nets using aging tokens, the 10 
aging tokens could also be discretely changed as well. For 
example, the aging tokens may be discretely changed when 
the elapsed time measures in discrete units. 
Ambiguities should be avoided if multiple inputs and out-
put places and/or arc multiplicities are present: the route ofall 15 
the tokens that are "preserved" by the transition should be 
uniquely specified by matching (labeling) corresponding out-
put and input arcs. A "death" or a "birth" of an aging token can 
still occur, similar to non-aging tokens. 
The use of aging tokens in Petri nets can be viewed as a 20 
fundamental change in how a Petri net is perceived and used. 
Specifically, traditional stochastic Petri nets generally corre-
spond to discrete changes in the system's state (i.e., events), 
while the aging tokens of the present Petri net extension 
provide modeling of a continuous change in the system's state 25 
(i.e., processes). 
In order to take full advantage of aging tokens, it is useful 
10 
single token, while the multiple transition preserves the indi-
viduality of each token. For clarity purposes, in the present 
formulation of a multiple mode arc, multiplicity affects only 
the enabling, and not the firing, of the transition. 
Multiple mode transitions are commonly used in stochastic 
Petri nets with aging tokens, in part because multiple mode 
transitions can also be used to mimic the behavior of the series 
and standard modes. For example, FIGS. 3A and 3B depict a 
comparison of a stochastic Petri net representation 60 and 78 
using a series mode transition 62 and multiple mode transi-
tion 80, respectively. 
Looking specifically to FIG. 3A, the Petri net using series 
mode transition 62 moves each of the three tokens 68, 70, and 
72 from input place 64, to output place 66 in the order they 
arrive in the input place 64. Similarly, looking specifically to 
FIG. 3B, a Petri net using multiple mode transition 80 moves 
each of the three tokens 82, 84, and 86 from their respective 
start places 88, 90, and 92, to output place 94. Transitions 96 
and 98 are of the immediate type (e.g. they fire immediately 
upon enabling). Multiple transition 80, which is denoted as a 
thicker rectangle than the rectangles representing transitions 
96 and 98, is of the multiple type. Thus, inhibitors 100 and 
102 ensure that transitions 96 and 98 do not fire until a token 
is not present in their respective places 90 and 92. Although 
the Petri net using multiple mode transition (FIG. 3B) can 
effectively model the same system of the Petri net using series 
mode transition (FIG. 3A), the Petri net using series mode 
transition provides a more compact representation. This 
observation is especially true when the input place (e.g. FIG. 
to distinguish several modes of firing which form part of the 
transitions firing policy for a given timed transition (stochas-
tic or deterministic): 30 3A, 64 and FIG. 3B, 88) is an input to other transitions as well. 
Standard Mode FIGS. 4A and 4B depict a comparison of a stochastic Petri 
net representation 104 and 112 using standard mode transi-
tions and multiple mode transitions, respectively. As can be 
deduced from a comparison of FIGS. 4A and 4B, represent-
The standard mode of firing is the mode used in uncolored 
Petri nets. Using the standard mode of firing, once the tran-
sition is enabled, a stochastic distribution is sampled or a 
deterministic delay is provided, and an associated single 
clock starts. When this clock runs down, the transition fires a 
number of tokens that is equal to the multiplicity of the 
corresponding output arc. Tokens are chosen at random from 
the input place. The procedure is repeated as long as the 
transition remains enabled. 
35 ing standard mode transitions using multiple mode transitions 
is seemingly more cumbersome than representing series 
mode transitions using multiple mode transitions. Effectively, 
the difficulty stems from the need to remove the influence of 
token properties on the firing policy of the transition. A token 
40 that enables a standard mode transition need not even be 
Series Mode (First-In-First-Out) 
The series mode of firing, which is also known as first-in-
first-out (FIFO) mode, is similar to standard mode in that only 
one clock per transition is active at any given point in time. 
However, tokens are fired in the order they arrive in the input 45 
place. The distinction between FIFO and standard mode is 
relevant only for labeled tokens since non-labeled tokens are 
fungible. Series mode of firing is sometimes used in colored 
Petri nets. 
present when the transition is fired. This "token-neutral" fir-
ing can be accomplished using multiple mode transitions with 
the assistance of introducing an auxiliary token 114. 
FIG. 4A depicts a series transition 108, which is capable of 
moving the three tokens located at input place 106 to the 
output place 110. FIG. 4B depicts a modeling of the equiva-
lent Petri net using multiple mode transitions to move the 
three tokens located at input place 13 0 to output place 13 6. Of 
the seven transitions 116, 118, 120, 122, 124, 126, and 128, 
Multiple Mode (Parallel) 50 only transition 122 is a multiple mode transition with all 
others being of the immediate type. As soon as a token 
appears at start place 130 for the first time, transition 116 
immediately fires. All the tokens from start place 130 are 
The multiple mode of firing is the mode commonly used in 
colored Petri nets, and is also adopted for use with the 
described systems using Petri nets having aging tokens. Mul-
tiple mode, which is also known as parallel mode, may be 
useful for a more compact description of similar processes. 55 
For each token in an input place, the firing delay is determined 
independently, and a corresponding separate clock is 
assigned. The fundamental distinction ofthis mode from the 
standard and FIFO modes is that the firing policies of the 
transitions are intimately related to properties of both the 60 
token and the transition. Because the firing policy relates to 
both the token and the transition, an analogy with a key 
(token) and a lock (transition) can be made. 
In multiple mode, both multiple arcs for standard transi-
tions and multiple transitions may be designed to engage 65 
several tokens at the same time. However, the multiple arc 
essentially lumps tokens into a single packet that is fired as a 
returned back to start place 130. However, in addition, aux-
iliary token 114 is "born," which enables transition 122, 
which has the same timing properties as transition 108 in FIG. 
4. 
As depicted in FIG. 4B, the inhibitors of Petri net 112 are 
arranged such that if all tokens are removed from start place 
130, then transition 120 is fired. Once transition 120 is fired, 
transition 122 is disabled. Conversely, if a token is moved to 
start place 130, the auxiliary token 114 is fired back via 
transition 118 and transition 122 is enabled again. The firing 
of transition 122 causes all the tokens from start place 130 to 
be fired and enable transition 124 and 128. Since transition 
128 has a higher priority than transition 124 (corresponding 
arc 132 is denoted with a"+", whereas arc 134 to transition 
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124 is denoted with a"-"), it fires a randomly chosen token to 
output place 136. All other tokens are returned to input place 
130 via transition 124, a new auxiliary token 114 is "born" 
and the clock for transition 122 is restarted. 
The use of non-aging auxiliary tokens is equivalent to a prd 
policy for a standard transition, while aging auxiliary tokens 
can mimic prs policy. Furthermore, pri policy can be modeled 
using the same diagram as well by assigning transition 122 a 
deterministic delay, tL=tmax+E, where tmax is the upper time 
limit of the model and E is an arbitrary small delay. The 
stochastic nature of the firing of transition 122 is reflected in 
the initial age of the auxiliary token 114. IfF(t) is a Cumula-
tive Distribution Function (CDF) of the pri policy, then the 
following CDF for the age of the auxiliary token 114 can be 
given: 
A { 1-F(tdl -x]), when x <: 0 
F(x) = 0, when x < 0 
(Equation 1) 
For immediate transitions the concept of a clock is irrel-
evant, and if several tokens enable an immediate transition 
simultaneously, the fired token is chosen at random and the 
arc multiplicities have the standard meaning. However, tran-
sition priorities may be introduced in these situations as well, 
for example, based on token colors and/or labels. 
Introducing aging tokens into Petri-net formalism has 
important ramifications for system reliability modeling of 
aging and repairable systems. Several salient features ofreal-
life systems can be modeled more transparently. These sys-
tems include aging systems with load sharing, warm spares, 
multi-phase missions, and imperfect repair of pooled parts. In 
conjunction with the features that already exist in Petri nets, 
this provides a very powerful tool for modeling system reli-
ability. 
Example Systems Modeled With Stochastic Petri Nets 
With Aging Tokens 
12 
EXAMPLE A 
Repairable System With Warm Spares 
FIG. 5 depicts a representation of a repairable system 140 
with warm spares modeled by a stochastic Petri net with aging 
tokens. A system having a "warm spare" describes a system 
having a standby unit that can fail, but for which the corre-
sponding failure distribution is different from that of an active 
10 component. The following example models a repairable sys-
tem with two active units (e.g. parts in a system) and a "warm 
spare" unit. For example, the units may represent the memory 
chips connected to a bus in a computer, or individual batteries 
used to supply power to a device, or even tires on a car (with 
15 a spare). 
If the transition rates are constant, a system having a warm 
spare may be modeled in prior art systems using Markov 
chains. However, to model the case in which all three com-
ponents are different, the Markov chain for this system 
20 requires eighteen states and thirty-six arcs. To model the case 
in which all three components are identical, four states are 
required to model the system. 
However, as depicted in FIG. 5, using a stochastic Petri Net 
using aging tokens, the model is much simpler and easier to 
25 read. In the example of FIG. 5, the system is considered to be 
"down" (e.g. unusable) if fewer than two units are operating. 
Even if only one operating unit remains, the remaining oper-
ating unit can still fail. 
Each unit, which may also be referred to as a component, 
30 
object, or part of the system, is represented by tokens 142, 
144, and 145. Each of the three possible states (UP, DOWN, 
and SPARE) for each unit is represented by a corresponding 
place 146, 148, and 150. Initially, tokens 142 and 144 are 
located in the "UP" place 146. Because of inhibitor 152, 
35 
which has a multiplicity of two, an immediate firing of tokens 
145 from the "SPARE" place 150 to the "UP" place 146 is 
prevented. 
The failure of an operating or spare unit is modeled by two 
40 appropriate timed multiple transitions 154 and 156 to the 
"DOWN" place 148. Once any of the two active components 
fails, the "activation" transition 158 (an immediate type tran-
sition) becomes enabled and token 145, corresponding to the 
spare unit, moves to "UP" place 146, assuming that a spare is 
available. 
As discussed above, previous Petri net formulations (those 
not using aging tokens) associate memory solely with a tran-
sition, which results in significant difficulties in modeling the 
changes in the system configuration while preserving the 
memory. In such a setting, the changes in the damage accu-
mulation, such as in multi-phase missions or shared loads, 
must be accommodated by "marking dependent" firing poli-
cies. This implies that a firing policy can change ifthe mark-
ing changes elsewhere in the model. However, there is no 
accepted way to express such dependence in a graphical way, 
and therefore it is described using external logic. For 50 
example, a Petri net without aging tokens may have additional 
rules associated with the transitions that are specified else-
where, for example, in a formula-like fashion. As a result, the 
visual clarity of the modeling is compromised. 
45 
Depending on the choice of the type of the repair transition 
160, different repair policies can be modeled. For example, a 
series type is equivalent to a single (first-in-first-out) repair 
team, while a multiple mode transition models unlimited 
repair recourses. Additionally, although repairable system 
140 describes a system having 3 units, with 2 units active, the 
model remains correct for the general case in which k out of 
n units are required for system's functioning (which implies 
that k units must be active at any given point to avoid system 
55 failure), as long as the tokens are added and the arc multiplic-
ity is adjusted. 
It is important to note that such difficulties are fundamen-
tal. If an event occurs that changes the properties of a given 
component, then in accordance with the spirit of Petri net 
modeling, such an event is best described by a corresponding 
token moving from one place to another. However, in stan-
dard Petri nets, a move of a token results in memory loss since 60 
the memory is associated with a transition, and once the token 
moves to a new place there is no mechanism to associate 
aging with the component that the token represents. 
To demonstrate the advantages of the present system over 
standard Petri nets, several examples of the application of the 65 
proposed formalism using aging tokens are provided for com-
parison with existing methodologies. 
For a system with more units the advantages of using a 
stochastic Petri net with aging tokens over using Markov 
models is even more striking. One potential advantage of 
stochastic Petri nets is local modeling. That is, only the com-
bined marking of all the places characterizes the system. In 
contrast, a Markov model is that of a global kind, and any 
local change in the system corresponds to a different global 
Markov state. 
A direct consequence of this difference is that Markov 
chains use a global (explicit) logical branching in which all 
the logical permutations are specified up front. In contrast, 
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stochastic Petri nets use local (implicit) logical rules, which 
results in more compact models when the problem sizes 
mcreases. 
In the case that the system 140 of FIG. 5 is modeled with 
non-exponential transitional rates, Markov chains are not 
directly applicable. Specifically, using Markov chains, dam-
age can accumulate in two different transitions (specifically, 
the spare and active failures), and therefore the modeling with 
prs transitions is far from straightforward, if not impossible. 
One solution using Markov chains may include merging the 10 
"UP" and the "SPARE" places, and modeling the transitions 
from the "SPARE" to the "UP" state for each component by 
implementing an elaborate marking dependence. However, 
this solution loses the visual clarity that the original non-
aging model possesses. 15 
Unlike Markov chains, the introduction of aging tokens 
permits modeling of the aging of system without marking 
dependence. In fact, the visual representation of the model 
stays the same using aging tokens. In a system model using 
aging tokens, each token may be assigned a label that records 20 
the component's age, AY (see, for example, table 54 of FIG. 
2). Assuming that at t=t0 the component is new AY (t0 )=0, 
while Fa and F s are CDFs corresponding to the firing policies 
of active and spare failures, respectively. Further, if one of the 
active units fails first at tu then a token corresponding to a 25 
spare component moves to the "UP" place 146, and its age 
A3 =F5 (t1) is used to calculate an equivalent starting time, 
ts =Fa -I (A3 ), which then is used to sample Fa· 
14 
Once one of the parts fails, the corresponding token (one of 
tokens 164 and 166 ) moves to place 177. Once the corre-
sponding token moves to place 177, transition 172 is enabled 
and fires immediately. Therefore transition 172 moves the 
other of tokens 164and166 (corresponding to the still-oper-
ating part) into place 174. 
Once the token corresponding to the still-operating part 
moves into place 17 4, transition 179 is enabled having a 
matching (and faster) aging policy; representing the situation 
that the load is being completely carried by the single oper-
ating part. The amount of damage that the token representing 
the still-operating part accumulated while staying in place 
168 is retained even after moving to place 17 4 and the value 
can be used to determine the firing time based on the distri-
bution for transition 179. Accordingly, the firing policy of 
transition 179, along with the accumulated damage, or any 
other measure of part usage, are used to determine when the 
transition fires and the token is moved from place 174 (rep-
resenting one operating part) to place 178 (representing no 
operating parts). 
Load sharing models need not be restricted to time scaling, 
as is commonly done in modeling multiphase changes in 
loads (when the effects of changing loads are modeled by 
changing the clock speed), and more rigorous modeling based 
on the equivalent time may be implemented instead. 
If a load sharing subsystem were implemented in a stochas-
EXAMPLEB 
Load Sharing 
FIG. 6 provides an illustration of a load sharing subsystem 
162 modeled using a system implementing the proposed Petri 
net extension using aging tokens. Load sharing is a very 
common phenomenon in which failure of a part does not 
cause an immediate system failure, but increases the chances 
for another part's failure. For example, a floor in a building is 
commonly supported by a number of colunms which distrib-
ute the load caused by the weight of the floor. If a single 
colunm supporting the floor fails, the load is redistributed to 
the other colunms. Thus, the remaining colunms carry more 
weight and, as a result, will fail faster. Similarly, an equivalent 
load sharing system can be modeled of a group of snipers 
defending a strategic position. If one of the snipers is disabled 
(e.g. shot), the chance for each of the remaining snipers to be 
disabled by the offensive forces increases. 
30 tic Petri net without aging tokens, the graphical representa-
tion would consist ofonly of the top part of FIG. 6 (states 168 
and 177, transition 170, the corresponding arcs, and two 
non-aging tokens). Accordingly, many of the important fea-
tures of the system would not be capable of being modeled 
35 graphically. Instead, the definition of the firing policy for 
transition 170 would include a statement to the effect that if a 
token is marked in state 177 (one of the two parts has failed) 
then the firing policy of transition 170 changes. Not only does 
the visual representation suffer when using non-aging tokens, 
40 
changing the firing policy of a transition further complicates 
this situation since, for aging parts, such a change would also 
depend on when the second part fails. Similar modeling prob-
lems exist in multiphase systems, which are explored in more 
45 detail below. 
EXAMPLEC 
In this system, two parts (represented by tokens 164 and 
166) with an aging failure distribution (e.g., Weibull) share a 50 
common load. Thus, each of tokens 164and166 include an 
associated value representing the use, age, or degradation of 
Multiphase Missions 
FIG. 7 depicts a system 180 illustrating an aging part 
undergoing a two-phase periodic mission modeled using the 
proposed Petri net extension using aging tokens. For 
example, modeling of a two-phase periodic mission may be 
used to describe changes in operating conditions. For 
example, the season (winter/summer or wet/dry) can affect 
a corresponding part (see, for example, table 54 of FIG. 2), 
and the value may be incremented when enabling a transition 
having a matching aging policy. For example, the value may 55 
correspond to an elapsed time that the corresponding part is 
active. 
Initially, the two parts are in an undamaged state, so the two 
corresponding tokens 164 and 166 are in place 168. Both of 
tokens 164 and 166 enable transition 170 that has matching, 
and possibly different, aging policies for each of tokens 164 
and 166. That is, each of tokens 164 and 166 may have a 
different aging policy in that, for example, the corresponding 
parts may fail at different rates. 
A second transition 172, which is of the immediate type, 
located between place 168 and place 174, is disabled due to 
the presence ofinhibitor 176, which has a multiplicity of two. 
the rate of corrosion for a metal truss on a bridge. Transitions 
182and184 determine the duration of phase I (place 186) and 
60 phase II (place 188), respectively. The durations of the phases 
can be either deterministic or nondeterministic. During each 
phase the part, represented by token 190, can fail. Specifi-
cally, token 190 includes a value representing, for example, 
the use, age, or degradation of the corresponding part (see, for 
65 example, table 54 of FIG. 2), which may be updated when 
enabling a transition having a matching aging policy. Accord-
ingly, the part failure corresponds to the firing of the transition 
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192 or 194, respectively. In this example, transitions 192 and 
194 have aging policies for token 190, but transitions 182 and 
184 do not. 
EXAMPLED 
Pooled Repair 
FIG. 8 depicts a system 196 illustrating a fleet of three 
similar units sharing a pool of spares, modeled using the 
proposed Petri net extension using aging tokens. For 
example, a pooled repair system may model a fleet of gas 
turbines, with the repairable part being a first stage blade, or 
it could also model the hub of a delivery company (e.g. the 
United States Postal Service, FedEx, or the United Parcel 
Service), with the reparable unit being a delivery truck, for 
example. 
1bree sets of transitions, labeled as "REPLACEMENT," 
"FAIL URE," and "REPAIR," are used to fire the tokens based 
on an appropriate distribution. According to this simulation, 
if one of three parts (represented by tokens 198, 200, 202) 
fails, a spare (represented by token 204), from the pool is 
used, if available. The failed part is sent for repairs at place 
206. When repaired, the failed part is added to the pool of 
spares, represented by place 208. 
If the repair restores the part to its pristine, "like-new" 
state, such a situation is modeled in standard stochastic Petri 
nets, without aging tokens, with little difficulty. However, 
such an assumption is unrealistically optimistic for many 
systems. Rather, a "minimal repair" methodology is com-
monly used in reliability models. Specifically, rather than 
repairing the part to a pristine "like-new" state, the part is 
repaired to the state where it was just before failure. 
16 
active at a given phase. The inactive processors are turned off 
and used as spares. Active processors can fail independently 
of each other, and the spares do not fail. The three active 
processors are represented in FIG. 9 by the three tokens 
initially residing at place 218, and the spare processor is 
represented by the single token initially residing at place 220. 
The phase is tracked using the single token located initially at 
place 222. 
The failure distribution is phase-dependent. If a processor 
10 fails, it is being repaired in the places in the column marked 
"PART DOWN" (e.g. see place 224). The repair time is a 
generally distributed random variable, and the repaired item 
is considered to be as good as new. If a spare is available and 
the number of active components is less than required for the 
15 mission's success, the spare is activated and moved from the 
place in the "SPARE" column (e.g. see place 220), to a place 
in the "ACTIVE" column (e.g. see place 218). The spare 
reactivation can fail with a certain probability c, which cor-
responds to failure on demand, or a phase with instantaneous 
20 duration. When the spare reactivation fails, the failed spare 
joins the pool of parts being repaired. 
If the number of active processors is less than a predeter-
mined number, the mission fails, which is represented by the 
places in the column marked "SYSTEM FAILED." More-
25 over, upon completion of Phase II, a decision is made regard-
ing Phase III. If any of the processors are faulty at that 
moment, then Phase III is skipped and the system proceeds to 
Phase IV. Phase I can use up to three processors, and requires 
two processors to achieve its objective. Phase II uses up to two 
30 processors, and requires only one to achieve success, and 
Phase III and Phase IV require and use exactly three proces-
sors. 
In the embodiment of FIG. 8, only failure transitions 210, 
212, and 214 have matching aging policies for the tokens 35 
associated with them. A value associated with each token 
holds the age of the part it represents. The age of the part 
stored in the value could be measured in time units or uses, for 
example, as depicted in table 54 of FIG. 2. The value associ-
ated with the token is used to sample the corresponding fail- 40 
ure distribution. 
Unlike conventional Petri net systems without aging 
tokens, (such as those described in Bondavalli, A. and Mura, 
I., "High-Level Petri Net Modelling of Phased Mission Sys-
tems," Proceedings of the lO'h European Workshop on 
Dependable Computing, 1999, hereby incorporated by refer-
ence in its entirety) which split the system into two Petri nets, 
one for modeling the state of the system and one for modeling 
the phases of mission, the present approach allows modeling 
of the system in a single Petri net. 
More sophisticated policies of repair can be modeled with 
a Petri net extension using aging tokens as well. For example, 
a repair count for a token can be activated, and a transition 
policy could be configured such that only a limited number of 45 
repairs are allowed before the part is moved to a discard place 
(not shown), rather than repair place 206. Even such a rela-
tively simple situation presents formidable challenges for 
modeling using high-level Petri nets without aging tokens. 
Using memory-enabled transitions, rather than aging tokens, 50 
once the part fails, the corresponding transition fires. Thus, 
even if a memory enabled transition preserves the age, keep-
ing the track of all possible combinations is not practical 
because a different part can replace the failed unit. 
Additionally, unlike prior art systems in which the two 
Petri nets may be connected together using marking-depen-
dent firing policies that are described in two separate tables 
(one for each net), all the logic is described graphically in the 
single net of the present aging token system. That is, no 
marking dependence must be externally specified. 
Moreover, the system allows the modeling of general (non-
exponential) distribution for parts failure, as well the depen-
dence of the repair rate on which phase the part is in. As shown 
in FIG. 9, at each phase, a part can be in three possible states: 
ACTIVE (in use), PART DOWN (failed), or SPARE (inac-
tive), which correspond to the three columns which include 
places 218, 224, and 220, respectively. The additional left-
EXAMPLEE 
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55 most column labeled "PHASE" describes the phase transi-
tions. The four phases I, II, III, and IV correspond to a row of 
places. In addition, there is a separate row for the decision that 
is made after the end of phase II. At any phase, a token 
representing each processor can move within a row of places 
FIG. 9 depicts multimission system 216, modeled using the 
proposed Petri net extension using aging tokens. The illus-
trated system includes four phases referenced as Phase I, 
Phase II, Phase HI, and Phase IV. The duration of each phase 
is a random variable with a general distribution. The system 
consists of four identical components, which may, for 
example, be processors in a computer system. In the embodi-
ment of system 216, only a specified number of processors are 
60 in accordance with the specified conditions for that phase. 
One feature of the modeling is the phase transition imple-
mented by a combination of inhibitors that simultaneously 
"flush" all the tokens to the next phase. For example, inhibi-
tors 226, 228, and 230 are responsible for the flush of tokens 
65 from Phase I to Phase II. Transition232 includes a small delay 
c, and transitions 234, 236, and 238 include a delay of2E. The 
delays are introduced to ensure the correct decision about the 
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sequence of phases. Upon the completion of phase II, the 
decision is made after the first delay E and before the second 
delay 2E. During that time, the decision place 240 will have-a 
token if any of the processors are inoperative by the end of the 
phase II. The presence of a token at decision place 240 will 
result in proceeding directly to phase IV. However, if decision 
place 240 is empty, Phase III will begin. 
In the embodiment of system 216, each of the tokens rep-
resenting the spare and active parts (those found initially at 
places 218 and 220) have an age (see, for example, table 54 of 10 
FIG. 2) that is used by either the repair transition (e.g. tran-
sition 242 in Phase II) or failure transition (e.g. transition 246 
in Phase II) to take into account the damage or repair that was 
accumulated at the previous phase. For a fully repaired-as-
new token that is located in an active place, the age value is 1, 15 
and this value is then associated with the corresponding fail-
ure transition. 
The token's age value is calculated based on the time a 
token spends in the active place during the phase and the CDF 
18 
updating, by the computer, the at least one value of the 
aging token with the counter if the transition has an 
aging policy matching the at least one aging policy of the 
aging token. 
2. The method of claim 1, wherein the counter is associated 
with one of the aging token or the transition. 
3. The method of claim 1, further comprising: 
preserving the at least one value upon the transition firing 
the aging token from the first place to the second place. 
4. The method of claim 1, further comprising: 
preserving the at least one value upon the transition firing 
the aging token from the first place to the second place. 
5. The method of claim 4, wherein the at least one value 
represents any one of: 
a number of uses of an object represented by the aging 
token; 
a life span of an object represented by the aging token; 
accumulated damage of an object represented by the aging 
token; 
fatigue of a human represented by the aging token; 
incubation of a virus represented by the aging token; and 
improved properties of a learning process. 
for the corresponding failure. For the next phase, with the 20 
different CDF for the failure, an equivalent time may be 
computed and used to evaluate the subsequent movements of 
the token. 6. The method of claim 1, wherein the at least one value 
comprises a number, an alphanumeric character, a color, or a 
25 graphical symbol. 
When the unit fails, which may occur after damage has 
accumulated in several phases, the token is fired to the corre-
sponding PART DOWN (failed) state for the particular phase. 
The age value for the token representing the failed processor 
is then reset to one and associated with the repairing transition 
(e.g. transition 240 in Phase II). Similar to the process of 
failure, repair can accumulate during several phases until a 30 
repair transition (e.g. transition 242 in Phase II) fires and 
deposits the token into an ACTIVE place (e.g. place 244 in 
Phase II). While the Petri net representation of system 216 
appears to be quite involved, it must be kept in mind that, 
unlike Petri net representations that do not use aging tokens, 35 
each of the relevant features of the multi-phase mission of 
system 216 are explicitly described. In real-life applications 
where the complexity may be even greater, hierarchical pro-
cedures for constructing Petri nets (such as described in 
Jensen, K. and Rozenberg, G., editors, High-Level Petri Nets: 40 
Theory and Application, Springer-Verlag, Berlin; New York, 
1991, hereby incorporated by reference in its entirety) are 
fully applicable for the proposed technique. 
It should be emphasized that many variations and modifi-
cations may be made to the above-described embodiments. 45 
All such modifications and variations are intended to be 
included herein within the scope of this disclosure and pro-
tected by the following claims. 
What is claimed is: 
1. A method for modeling a system for simulation of time 50 
accumulation effects, the method implemented by a com-
puter, the method comprising: 
producing, by the computer, a graphical representation of 
at least one state of the system with at least one directed 
graph, the at least one directed graph comprising: an 55 
aging token, a first place and a second place capable of 
hosting the aging token, a transition for moving the 
aging token from the first place to the second place, and 
at least one directed arc for connecting either of the first 
place and the second place to the transition; 
assigning, by the computer, at least one value to the aging 
token to represent aging, the at least one value capable of 
being updated with a counter based on at least one aging 
policy of the aging token while the aging token resides in 
either of the first or second place; 
delaying the movement of the aging token from the first 
place to the second place; and 
60 
65 
7. The method of claim 1, wherein the graphical represen-
tation is configured to simulate any one of: 
a repairable system having warm spares; 
a load sharing system; 
a two-phase periodic mission; 
a system having a pool of repairs; 
a multimission system; 
reliability of a complex system; 
spread of an infectious disease; 
a learning process; and 
fatigue of a human. 
8. The method of claim 1, wherein the at least one directed 
graph is a stochastic Petri net. 
9. A modeling system comprising: 
a processing device; 
a memory; and 
a construction module, stored in the memory and execut-
able by the processing device, that builds a graphical 
representation of at least one state of a system for simu-
lation of time accumulation effects, the graphical repre-
sentation including at least one directed graph, the at 
least one directed graph comprising: 
a first place and a second place; 
an aging token having at least one value to represent 
aging, the at least one value capable of being updated 
with a counter based on at least one aging policy of the 
aging token while the aging token resides in either of 
the first or second place; 
a transition for moving the aging token from the first 
place to the second place; and 
at least one directed arc for connecting either of the first 
place and the second place to the transition; 
wherein the transition is configured to delay the movement 
of the aging token from the first place to the second 
place, and the at least one value of the aging token is 
configured to be updated with the counter ifthe transi-
tion has an aging policy matching the at least one aging 
policy of the aging token. 
10. The modeling system of claim 9, further including: 
the counter for updating the at least one value, wherein the 
counter is associated with one of the aging token or the 
transition. 
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11. The modeling system of claim 9, wherein the at least 
one value of the aging token is configured to be preserved 
when the aging token is moved from the first place to the 
second place. 
12. The modeling system of claim 9, wherein the at least 
one value of the aging token is configured to be preserved 
when the aging token is moved from the first place to the 
second place. 
13. The modeling system of claim 12, wherein the at least 
one value represents any one of: 
a number of uses of an object represented by the aging 
token; 
a life span of an object represented by the aging token; 
accumulated damage of an object represented by the aging 
token; 
fatigue of a human represented by the aging token; 
incubation of a virus represented by the aging token; and 
improved properties of a learning process. 
10 
15 
14. The modeling system of claim 9, wherein the at least 
one value comprises a number, an alphanumeric character, a 20 
color, or a graphical symbol. 
15. The modeling system of claim 9, wherein the at least 
one directed graph is configured to simulate any one of: 
a repairable system having warm spares; 
a load sharing system; 
a two-phase periodic mission; 
a system having a pool of repairs; 
a multimission system; 
reliability of a complex system; 
spread of an infectious disease; 
a learning process; and 
fatigue of a human. 
25 
30 
20 
hosting the aging token, a transition for moving the 
aging token from the first place to the second place, and 
at least one directed arc for connecting either of the first 
place and the second place to the transition; 
assigning at least one value to the aging token to represent 
aging, the at least one value capable of being updated 
with a counter based on at least one aging policy of the 
aging token while the token resides in either of the first 
or the second place; 
delaying the movement of the aging token from the first 
place to the second place; and 
updating the at least one value of the aging token with the 
counter if the transition has an aging policy matching the 
at least one aging policy of the aging token. 
19. The computer readable storage medium of claim 18, 
wherein the counter is associated with one of the aging token 
or the transition. 
20. The computer readable storage medium of claim 19, 
further comprising program embodied code segments that, 
when executed by the computer system, perform the step 
comprising: 
preserving the at least one value upon the transition firing 
the aging token from the first place to the second place. 
21. The method of claim 1, further comprising: 
providing the graphical representation of at least one state 
of the system for display. 
22. The method of claim 1, wherein updating the at least 
one value comprises updating the at least one value by a 
fraction of the at least one value. 
23. The modeling system of claim 9, further comprising: 
a display that displays the graphical representation of at 
least one state of the system. 
16. The modeling system of claim 9, wherein the at least 
one directed graph is a stochastic Petri net. 
17. The modeling system of claim 9, further including: 
24. The computer readable storage medium of claim 18, 
further comprising program embodied code segments that, 
35 when executed by the computer system, perform the step 
a simulation module for simulating the modeled system 
with the at least one directed graph. 
18. A computer readable storage medium, having embod-
ied thereon program embodied code segments that, when 
executed by a computer system, perform the steps compris- 40 
ing: 
producing a graphical representation of at least one state of 
a system for simulation of time accumulation effects, the 
graphical representation including at least one directed 
graph, the at least one directed graph comprising: an 45 
aging token, a first place and a second place capable of 
comprising: 
providing the graphical representation of at least one state 
of the system for display. 
25. The modeling system of claim 9, wherein updating the 
at least one value comprises updating the at least one value by 
a fraction of the at least one value. 
26. The computer readable storage medium of claim 18, 
wherein updating the at least one value comprises updating 
the at least one value by a fraction of the at least one value. 
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